The microRNA let-7 is a critical regulator of developmental timing events at the larval-to-adult transition in C. elegans. Recently, microRNAs with sequence similarity to let-7 have been identified. We find that doubly mutant animals lacking the let-7 family micro-RNA genes mir-48 and mir-84 exhibit retarded molting behavior and retarded adult gene expression in the hypodermis. Triply mutant animals lacking mir-48, mir-84, and mir-241 exhibit repetition of L2-stage events in addition to retarded adult-stage events. mir-48, mir-84, and mir-241 function together to control the L2-to-L3 transition, likely by base pairing to complementary sites in the hbl-1 3 UTR and downregulating hbl-1 activity. Genetic analysis indicates that mir-48, mir-84, and mir-241 specify the timing of the L2-to-L3 transition in parallel to the heterochronic genes lin-28 and lin-46. These results indicate that let-7 family microRNAs function in combination to affect both early and late developmental timing decisions.
Introduction
In C. elegans, heterochronic genes control the appropriate temporal execution of stage-specific programs of cell division, cell behavior, and differentiation through the four larval stages, L1-L4 (reviewed in Rougvie, 2001) . Mutations in heterochronic genes cause cells in specific lineages to adopt fates normally associated with either earlier or later times in development. Retarded heterochronic mutants reiterate cell fate deci-sions, and conversely, precocious heterochronic mutants skip cell fate decisions. MicroRNA genes play key roles in this temporal control of larval development (Lee et To examine the functions of the let-7 family members mir-48, mir-84, and mir-241, we isolated mutants by screening a library of mutagenized worms for deletion mutations. We show that mir-48, mir-84, and mir-241 function together to control developmental timing at the L2-to-L3 transition. Although hbl-1 activity was previously shown to function primarily downstream of let-7 in the L4-to-adult transition, we provide evidence that hbl-1 also functions in the L2-to-L3 transition and that hbl-1, but not lin-28, is a likely downstream target of mir-48, mir-84, and mir-241 activity.
Results

Expression of mir-48, mir-84, and mir-241 and Isolation of Deletion Mutations
The "let-7 family" is comprised of let-7 and three other C. elegans microRNA genes, mir-48, mir-84, and mir- (E) The mir-48 and mir-241 locus on chromosome V. The mature microRNA sequences are located within a 1.8 kb genomic region on cosmid F56A12. Deletions at this locus are shown below. The deficiency nDf51 removes both the mir-48 and mir-241 mature microRNA sequences. For rescue experiments, we injected the plasmid pAAS50, which contains a 5073 bp fragment of genomic DNA encompassing both the mir-48 and mir-241 mature microRNA sequences. For control experiments, we injected the plasmid pAAS60, which was generated from pAAS50 but lacked the sequences corresponding to the mir-48 and mir-241 mature microRNA sequences. To examine the functions of mir-48, mir-84, and mir-241, we isolated worms with deletion mutations in the corresponding genomic loci. These deletions remove the genomic sequence corresponding to the w22 nt mature microRNA along with flanking regions ( Figure   1C ). Absence of the w22 nt mature microRNA in mutant worms was confirmed by Northern blot ( Figure 1D ). Deletions in single let-7 family member genes did not appreciably affect the expression of the remaining family members. For example, a deletion upstream of mir-48 that removes mir-241 affected the expression of neither mir-48 nor mir-84, as determined by Northern blot analysis of RNA isolated from a population of mixedstage worms ( Figure 1D ). Because mir-48 and mir-241 are located within a 2 kb region in the C. elegans genome, we also isolated worms with a deletion, nDf51, that removes both of these microRNA genes (Figure 1E) . (Table 1) . The retarded seam cell and alae phenotypes were not observed in mutants transformed with a 5 kb genomic fragment containing the mir-48 and mir-241 loci (Table 1, Figure 1E ), indicating that the defect was caused by mutations within the 5 kb region corresponding to the transgene. Further, when the sequences for mir-48 and mir-241 mature w22 nt microRNAs were deleted from this genomic fragment, no rescue was observed, indicating that the phenotype was caused specifically by loss of the microRNA sequences (Table 1, Figure 1E (Table 1) , indicating that hbl-1(ve18) suppressed the L2 reiteration phenotype. The retarded alae phenotype caused by the loss of mir-48, mir-84, and mir-241 was also suppressed; at the L4 molt, 85% of mir-48 mir-241; hbl-1(ve18) mir-84 quadruply mutant worms exhibited complete alae formation, compared to only 6% of mir-48 mir-241; mir-84 triple mutants (Table 1) . Similar results were obtained when hbl-1 activity was depleted by RNAi in mir-48 mir-241; mir-84 animals. hbl-1(RNAi) administered postembryonically resulted in strong suppression of the L2 reiteration phenotype of L3-stage mir-48 mir-241; mir-84 worms and suppression of the retarded alae phenotype at the L4 molt (Table 2) . hbl-1(RNAi) also suppressed the enhanced L2 reiteration phenotype of lin-46(lf) mir-48 mir-241; mir-84 animals ( Table 2 (Fay et al., 1999) . In 80% of mir-48 mir-241; mir-84 triple mutants at the L3 stage, hbl-1::gfp::hbl-1 expression was detected in hyp7 (Figure 4D) . In contrast, hbl-1::gfp::hbl-1 expression was detected in hyp7 in only 11% of wild-type worms at the L3 stage ( Figure 4C ). Our data are consistent with a model that mir-48, mir-84, and mir-241 act together to regulate the level of HBL-1 protein in hyp7. However, because single and double mutants that do not display the L2 reiteration phenotype were not examined for elevated hbl-1::gfp::hbl-1 activity, it remains possible that the individual family members, mir-48, mir-84, and mir-241, differ in their capacity to repress hbl-1 activity.
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Discussion
Functional Cooperation among MicroRNA Family Members
Our data demonstrate that the let-7 family microRNA genes mir-48, mir-84, and mir-241 function together to (22) 11 ( Further, the functional redundancy among mir-48, mir-84, and mir-241 could reflect alternative mechanisms for triggering the L2-to-L3 transition throughout the hypodermis. mir-48, mir-84, and mir-241 seem to have more minor roles, compared to let-7, at the L4-to-adult transition in the hypodermis, indicating that different microRNA family members can be deployed for distinct roles, perhaps through differences in temporal or spatial expression patterns and/or differences in target specificity. These findings suggest that we may expect analogous forms of genetic redundancy and regulatory complexity in pathways involving other families of related microRNAs.
Experimental Procedures
Nematode Methods C. elegans strains were grown under standard conditions as described (Wood et al., 1988) . Strains used are listed in Table 1 . The wild-type strain used was var. Bristol N2 (Brenner, 1974) . Strains were grown at 20°C, except where otherwise indicated. For building multiply mutant strains, mutant alleles of mir-48, mir-84, and mir-241 were identified by performing PCR reactions that amplified the genomic region flanking the deletion mutations. For the sequences of primers used to identify mutant alleles of mir-48, mir-84, and mir-241, see Table S1 . Table S1 . Mutant alleles were backcrossed at least three times before further analysis. For rescue experiments, we injected pAAS50, a pCR-II TOPO plasmid containing a 5073 bp fragment that was amplified from genomic DNA from wild-type N2 worms. This fragment contains mir-48 and mir-241, but no other experimentally defined or predicted gene. The sequences of the primers used to amplify the genomic DNA were 5#-CCAATTCTCTGTCTCCCCTTC-3# and 5#-CAGAATTGTGTCGTCGTGTTC-3#. As a control, we used pAAS60, a plasmid generated from pAAS50 that lacked the sequences corresponding to the mature miR-48 and miR-241. The deletions were confirmed by sequence analysis of PCR-amplified genomic DNA sequences. To generate transgenic animals, germline transformation was performed as described (Mello and Fire, 1995) . Plasmid DNA for pAAS50 or pAAS60 was injected (100 ng/l) into mir-48 mir-241(nDf51) animals with pTG96 (sur-5::gfp at 20 ng/l) as a coinjection marker. Seam cells were counted, alae were scored at the L4 molt, and worms were subsequently scored for GFP expression.
Northern Blot Analysis
Northern blots were performed as described (Lau et 
Microscopy and Phenotype Analysis
The number of lateral hypodermal seam cells was counted at specific larval stages; staging was assessed by gonad morphology. Nomarski DIC microscopy was used to score seam cells and alae formation. Seam cells were identified according to their characteristic morphology and position along the lateral midline of the worm. Worms were anesthetized with 1 mM levamisole. Seam cells derived from the V lineage between the pharynx and the anus were scored on one side of individual animals. Cell lineage analysis was performed by picking individual L2-stage worms and monitoring seam cells derived from the V lineage as described by Sulston and Horvitz (1977) , except that movies of worms were taken by using iVeZeen software (Boinx, Germering, Germany) and were analyzed with Quicktime software (Apple, Cupertino, CA). Three mir-48 mir-241 and three mir-48 mir-241; mir-84 animals were analyzed. Electron microscopy of adult animals was performed as described (Bargmann et al., 1993) .
RNAi Assays
The plasmid pAA26, which expresses hbl-1 dsRNA, was constructed by amplifying a 1.5 kb region from genomic DNA, digesting with NotI, and inserting into the NotI site of the cloning vector . dsRNAexpressing bacteria were grown from single colonies overnight in LB with 200 g/ml ampicillin and 12.5 g/ml tetracycline and were then plated on NGM plates containing 1 mM IPTG, 200 g/ml ampicillin, and 12.5 g/ml tetracycline. For suppression of hbl-1 and lin-41, overnight cultures of each bacterial strain were mixed 1:1 and plated. Embryos were hatched on plates with dsRNA-expressing bacteria, and larvae were scored by using Nomarski DIC microscopy at indicated stages for seam cell and alae phenotypes.
Supplemental Data
Supplemental Data including Supplemental Experimental Procedures, a figure, and a table are available at http://www.developmentalcell. com/cgi/content/full/9/3/403/DC1/.
